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ABSTRACT 
With the increasing demand in power generation as well as stringent rules on air 
pollution, the need for low cost and effective filtration device soars. The ultimate goals in 
filtration are low pressure drop and high efficiency. In addition, operation in a continuous 
fashion is another goal industries desire; although it is less significant as compared to 
pressure drop and efficiency. Moreover, relationships between important effects and 
optimum operating conditions are also areas that lack of investigations. Moving bed granular 
filters have been found to be effective and best suitable for removing particulates 
continuously from flue gas stream from power plants. Some of the fluid dynamic design 
features such as cyclonic, counter-current flow, and straightening fins that prevent filter cake 
scouring have been incorporated in this research that lead to high efficiency (100% with 
standard deviation of0.00113%) and low pressure drop (0.689 kPa or lower). Central 
composite design was used to study the relationships between independent variables such as 
superficial velocity (0.16-0.22 mis), dust feed rate (0.08-0.74 kg/hr), and granular flow rate 
(3.32-15.4 kg/hr); and find the optimum operating conditions in achieving filtration goals. 
Within the operating range of each independent variable, superficial velocity was found not 
significant in predicting efficiency. The square of the granular flow rate was determined to 
significantly affect pressure drop and efficiency, while dust feed rate is crucial in the 
prediction of both developed models (pressure drop and efficiency). The regressed models, 
both for pressure drop and efficiency, each independent variable is closely related among 
each other. In a specific region of the contour plot, the relationship between one of the 
independent variables and response variable can be positive. However, in another region, 
x 
that independent variable can have a negative relationship with that response variable 
because of the existence of two different slopes (positive and negative) in these saddle 
pattern contour plots. Contour plots generated from both models can be overlaid to provide 
operating conditions that simultaneously satisfy low pressure drop and high efficiency. 
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CHAPTER 1. INTRODUCTION 
Power generating industries are significant producers of particulate laden and 
chemically toxic gases. In Brayton power cycles, clean gas is required to prevent erosion and 
fouling of gas turbine blades. This research project explores the utility of granular filters to 
remove particulate matter from hot gas streams. 
There are two different types of granular filters: fixed and moving bed granular 
filters. The continuous renewal of filter media in moving granular filters is desired to avoid 
periodic shutdown to clean or change the dust-laden filter media. Another reason moving 
bed granular filters are favored over fixed bed filters is their capability to maintain high 
efficiency that fixed bed filters are capable of with the ability to operate at low pressure drop 
via continuous renewal of fresh granules. The ultimate goals always come down to low 
pressure drop and high efficiency. In addition to these goals and despite the advantages of 
moving bed granular filters, relationships between important effects, and optimum operating 
conditions are areas that have not been investigated thoroughly. 
A cold flow moving bed granular filter was constructed to achieve the above-
mentioned goals. The moving bed granular filter built was tested with a maximum dust 
loading of 0.8 kg of ash/hr. This filter incorporates new design features such as cyclonic 
inlet, counter-current flow of gas and granules, and flow straightening fins with the objective 
to achieve low pressure drop and high efficiency. In addition, the apparatus was also used to 
study the effect of air velocity (superficial velocity), dust loading, and granular flow rate on 
the performance of filtration in terms of pressure drop and efficiency via statistical design of 
experiment and analysis. Finding optimum operating conditions within the specified range 
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for each independent variable: (1) superficial velocity (0.16-0.22 mis), dust feed rate (0.08-
0.74 kg/hr), and granular flow rate (3.32-15.4 kg/hr) is also one of the objectives. The 
optimum region found eventually will help explain the effects and interactions among each 
independent variable studied in explaining pressure drop and efficiency. 
This paragraph outlines the chapters covered in this thesis and the way they are 
presented. Chapter 2 is a literature review on granular filters; particularly, moving bed 
filters. Important designs and operating parameters are discussed and effects of efficiency 
and pressure drop are also explored. Chapter 3 describes the experimental apparatus and new 
design features employed in this research. Chapter 4 describes the statistical design of 
experiment and analysis used. Chapter 5 provides results and discussions, while Chapter 6 
is about conclusions from this study and recommendations for future work. 
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CHAPTER 2. LITERATURE REVIEW 
2.1 Overview of common applications of moving bed granµlar filters (MBGF) 
Advanced power cycles require the production of extremely clean gas for firing in gas 
turbines. However, ifthe fuel gas is derived from coal, it contains unacceptably high 
concentration of fly ash, which will damage gas turbine blades. 
Fossil fuels, which are carbon-based fuels, are typically found as coal, petroleum and 
natural gas. According to the Annual Energy Review by U.S. DOE 2000, coal is the most 
used fossil fuel for power generation and the its demand is burgeoning. Biomass fuel has 
been gaining its popularity in energy generation as it is advantageous if compared to the 
fossil fuels with the fact that it is renewable. Consequently, the need for particulate and 
chemical substance laden gas cleaning systems increases. 
Electric Power Secb::t', 1949-2ml 
" ~ 15-
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Figure 2.1: Overview of energy sources versus time (DOE Energy Review, 2000) 
There are many separation devices suitable for gas cleaning: cyclones, barrier filters, 
electrostatic precipitators, scrubbers, granular-bed filters, acoustic agglomeration and thermal 
agglomeration (Saxena et al., 1985). However, among the alternatives, granular-bed filters 
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and barrier filters stand out to be more attractive (Mustonen et al., 1991; Wilson & Hass, 
1994). 
Granular filtration is known to be highly efficient in term of removing particulate of 
broad size range. Squires and Pfeffer (1970) were among the pioneers who looked into using 
fixed bed granular to clean fly ash laden gas. Although the efficiencies obtained were as 
high as 98.8%, they noticed formation of dust cake that caused a steadily-increasing pressure 
drop. 
Besides having to stop the process to clean the filter, which is usually done by 
backflow (reversed flow or pulsed jet), another disadvantage of using fixed bed granular 
filter is that entrainment of granules used as filter media will occur during cleaning. Thus, 
researchers turned to moving bed granular filter where filter media is replaced or 
continuously (Kuo et al., 1998a). 
Moving bed granular filters are very suitable for high temperature flue gas exiting 
energy generating systems because refractory material can be used as filter media. 
Continuous operation allows a constant pressure drop across the bed, which is highly 
desirable as it maximizes gas flow and eliminates periodic shutdowns to lean the filter media. 
2.2 Filtration mechanisms (MBGF design parameters) 
2.2.1 Granular and Particulate laden gas flow configurations 
There are three different flow configurations: (1) cross flow, (2) co-current flow, and 
(3) counter-current flow. 
With cross flow, the particulate laden gas is transverse to the flow of granule. 
Geffken, Guillory and Phillips (1979) at Combustion Power Company (CPC) successfully 
5 
operated a cross flow granular bed filter at an efficiency as high as 99%. The particulate 
laden gases in the CPC filter entered the filter media perpendicular to the flow of granules. 
In Tsubaki and Tien's (1988) experimental study, cross flow design was also adopted. Otani, 
Miyajima, and Emi (1990) also made use of cross flow design for their cold flow filter. 
For co-current configuration, particulate laden gas travels in the same direction as the 
downward flowing granules. Details of this configuration can be found in Kalinowski and 
Leith's paper (1982). 
In the counter-current configuration, particulate laden gas moves in a direction 
opposite of granule flow. Guillory (1982) and Moresco and Cooper (1981) used this type of 
MBGF. 
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2.2.2 Screen or Screenless design 
Each flow configurations has the option of incorporating screens. Screens usually are 
used in cross flow and counter-current flow designs. However, the counter-current design 
tested by Combustion Power Company did not utilize a screen (Saxena et al., 1985; Morresco 
and Copper, 1981). The co-current design by Kalinowski and Leith (1982) also did not 
incorporate a screen. The common objective of a screen is to curtain granules. In this 
research, a screen is also used to prevent fluidization, or in another word, prevent 
entrainment of filter media into the clean gas disengagement section. 
The common problem associated with a screen is plugging, which is undesirable both 
because of transient behavior and pressure drop increase. On the other hand, screenless 
design often faces re-entrainment of particles by filtered air (Moresco and Copper, 1981). 
2.2.3 Type of filter media 
Some of the granule types used by different researchers, although not necessarily in 
MBGF, are listed in Table 2.1. 
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Table 2.1 Different types of granules used by researchers 
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1 denotes crushed insulating brick 
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Table 2.1. (continued) 
;:f I7~~~ Ip~ I Gra~ ~~~ ~llie~ 
~~and M+I · · --+---·····~ 
Maloney, ! I ! I ...[ I I 
~;~1- ~ I i -j--1 
i et al., . I - . .. ...... _ .......... -1-1·-·-.... .. ............ _ ,-........ -~ .... j· 
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1 denotes crushed insulating brick 
2 denotes aluminum oxide 
3 denotes ceramic oxide 
4 denotes quartz 
5 denotes stone chips 
6 denotes mullite sphere 
2.2.4 Filtration enhancement via external force 
Electrostatic forces have also been used to enhance the performance of moving bed 
granular filters. Zenhoven, Peukert and Loffler (1990), Otani et al. (1990), and Tordos et al. 
(1983) provide details on electrostatic enhancement. 
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2.3 Basic concepts involved in granular bed filtration 
The performance of filters are generally expressed in terms of particle collection 
efficiency, TJ, defined as 
mass of particulate exiting 
q=l-~~~~~~~~~~~ 
mass of particulate entering 
[2.1] 
When the efficiency is in the high range, it can be conveniently explained as penetration, P. 
P=l-TJ [2.2] 
Penetration represents the fraction of particulate successfully escaping from the filter. 
According to Saxena et al. (1985), the particle collection efficiency is believed to be 
dependent on granule size, superficial face velocity, bed depth, and the properties of the dust 
and gas. The mechanisms of filtration in granular bed filters include (Wade et al., 1978): 
• Inertial impaction 
• Direct interception 
• Brownian diffusion 
• Sedimentation 
Inertial impaction happens when a dust particle, because of its momentum, is unable 
to follow the streamline across the granule (assumed spherical), and thus collides with a 
granule. The Stokes number, which is defined in Equation [2.3], controls the filtration when 
inertial impaction occurs. Gal et al. (1985) examined the effect of the Stokes number on 
inertial impaction: 
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St= [2.3] 
where Cs is the Cunningham's correction factor, p P is the ash particle density, dp is the ash 
particle diameter, µ is the fluid viscosity, U is the superficial velocity at the filtration zone, 
and dg is the granule diameter. 
Interception occurs when a dust particle follows a streamline so close to the granule 
surface that it is intercepted. 
Brownian diffusion occurs when the Brownian motion of a dust particle that is 
superimposed on the bulk flow of carrier gas brings the particle to collide with a granule. 
The Peclet number (Fuchs, 1989) controls the mechanism in this case: 
[2.4] 
where k is the Boltzman constant and T is the absolute temperature. 
Sedimentation occurs when dust particle drops out from the streamline because of the 
effect of gravity. This usually happens when the velocity of the carrier gas is low. 
2.4 Effect of various operating parameters 
Some of the parameters that determine the performance of a granular bed filter are: 
superficial velocity, granular flow rate, dust loading, granule size, and bed depth. In this 
section, findings from previous research are described. 
Superficial velocity (VL) is the velocity of air passing through the filtration zone. 
Blasewitz et al. (1955) discovered, with fixed bed glass fibers filter, that efficiency dropped 
with increasing superficial velocity. Moresco et al. (1981) at Combustion Power Company 
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developed a correlation that related penetration with independent variables such as bed depth, 
granule size, granular flow rate, and gas flow rate from all test data. This correlation showed 
that high superficial velocity, or similarly high Stokes number, would improve efficiency. 
Also at Combustion Power Company, Guillory (1982) determined that pressure drop was 
insensitive to velocity. Kalinowski and Leith (1982) regressed an empirical equation from a 
24 full factorial design of experiment. Their result showed a drop in efficiency as superficial 
gas velocity increased. Tsubaki and Tien (1988) found that as superficial gas velocity 
increased, the efficiency also increased. Peukert and Loffler (1990) determined that lower 
superficial gas velocity helped both efficiency and pressure drop. Yang et al. (1992) 
concluded that higher superficial gas velocity caused higher-pressure drop and lower dust 
collection efficiency. 
As for granular flow rate (GF), Kalinowski and Leith (1982) showed decreasing 
efficiency with increasing granular flow rate. Guillory (1982) found granular flow rate did 
not have significant effect on pressure drop. Tsubaki and Tien (1988) found that granular 
flow rate did not have significant effect on filtration efficiency. Otani et al. (1990) concluded 
higher granular flow rate caused decreasing efficiency or, in another word, increasing 
penetration. Yang et al. (1992) agreed on higher granular flow rate caused pressure drop to 
decrease, but it had little effect on both pressure drop and collection efficiency. 
Kalinowski and Leith (1982) found that the ratio of ash feed rate or dust loading (DL) 
to granular flow rate showed positive interaction with penetration. This means, for a constant 
GF and other independent variables held fixed, an increase in DL will cause a decrease in 
efficiency. 
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Kalinowski and Leith (1982) reported that granule size does not affect the filtration 
efficiency. Peukert and Loffler (1990) found that using finer granule improved collection 
efficiency. Kalinowski and Leith (1982) also claimed that efficiency increased with 
decreasing bed depth. 
The differences in above findings may reflect differences in the geometry of various 
designs, including co-current, counter-current, and cross flow configuration. 
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CHAPTER 3. EXPERIMENTAL APPARATUS 
The research was performed in a 0.3-meter diameter moving bed granular filter. A 
schematic of the experimental apparatus used in the experiments is shown in Figure 3.1. An 
engineering drawing of the apparatus is shown in Figure 3.2. Air enters through a 1.27-
centimeter (Yi inch) ball valve, STP Dwyer rotameter (range: 0-0.0165 STP mis) and pressure 
gauge (0-689 kPa) before passing into inlet duct to entrain fly ash carried in sideway from an 
Accurate feeder. The airflow is controlled by the 1.27-centimeter (Yi inch) ball valve. 
The Accurate feeder is placed in a pressure vessel with the purpose of operating it at system 
pressure that ease feeding. The dirty gas passes through the filter and exits to a fume hood. 
D.S13m 0.813 m 0.203 m 
Sew 
Figure 3.1: MBGF Cold Flow Facility 
Gramle 
HopJl!f 
Moving 
bed 
filter 
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Pitot tubes are placed in both the centerlines of both the inlet and outlet ducts to 
enable air velocity and volumetric flow rate calculations. These pitot tubes are connected to 
pressure transducers so that real time air velocity and volumetric flow rate can be recorded 
via the aid of a data acquisition system (Keithley: STA-08 PGA and DAC BOARD). A 
sampling frequency of 1 Hz via DAC was used throughout the entire set of experiments. 
Velocities calculated from pitot tubes are used to determine volumetric flow rates through 
sampling probes (see Appendix A). 
Figure 3.2: MBGF Cold Flow Facility via Pro Engineer 
Isokinetic sampling probes are installed at the centerlines of both inlet and outlet 
ducts to determine ash concentrations in those ducts. EPA recommends that the sampling 
probes, which are located downstream of pitot tubes, are placed at least eight duct diameter 
15 
apart. The outside diameter and wall thickness for the sampling probes are 3.97 mm (5/32 
inch) and 0.889 mm (35/1000 inch) respectively. These probes are connected to a pair of 47 
mm membrane filter holders and then valve controlled rotameters. 
Lasers and photocells are installed at both inlet and outlet ducts to qualitatively 
monitor ash feeder performance, although they were not used in this project. Spherical glass 
beads from Jaygo, Inc. is used as the filter media. The filter media are fed in, prior to each 
run, from a storage vessel located above the filter via a downcomer. 
Gas 
Disengagement 
Section 
Screen 
Fins 
Granular 
Material 
Filter Shell 
lnterfacial 
Figure 3.3: Counter-current flow of gas and granules 
The bed filter media flow rate is controlled by a motor that has a built in variable 
speed controller. The motor drives an auger and withdraws beads to a collection tank placed 
below the filter while air flows upward through the bed and disengages the bed where the 
granules are the cleanest. This mechanism ensures that the occurrence of re-entrainment is 
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minimized. It was found that fluidization helped dust re-entrainment (W.C. Yang et al., 
1992). A large-mesh screen is used to prevent granules from passing through. The purpose 
of using "large" perforated screen is to prevent deposition of particulate in the gas passage. 
This screen is placed at the disengagement section to prevent granules from leaving the bed. 
Both the ash feeder and the bead auger were calibrated prior to the experiments. It 
was found that the calibrated ash feed rate does not truly represent the actual rate due to the 
educting effect of airflow past the feeder tube. Thus, the actual amount of ash entering the 
filter is determined by checking the mass difference before and after deducting ash deposit in 
the inlet duct (assuming negligible deposition in the outlet duct due to high efficiencies 
obtained) for every experiments. The true average ash feed rate can be obtained by dividing 
the mass difference by the total number of hours run: 
Actual rate of ash enters = 
(ash in feeder before)-(ash in feeder after)-(ash left in duct) 
[3.1] 
total number of hours run 
On the other hand, it is found that calibrated bead rate is in close agreement with the actual 
bead flow rate. 
Figure 3.4 shows the internal design of the moving bed granular filter. Air enters the 
filter through a tangential inlet giving a cyclonic motion to the airflow that reduces pressure 
drop as the momentum of the airflow is conserved substantially. This cyclonic airflow flows 
downward through flow straightening fins to meet the granular bed. The evenly spaced flow 
straightening fins ensure a uniform flow, thus avoiding disturbance of the dust cake that 
might form. 
17 
Figure 3.4 Internal design of the filter body 
A lathed "double-cone" made of wood is placed right beneath the straightening fins 
with the objectives to impose the angle of repose (52 °) assisting granular flow, to underlie a 
slant surface for dust case formation, and to save the amount of granule being used. 
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CHAPTER 4. STATISTICAL METHODOLOGY 
Empirical correlation is a way to explain a process in the form of equations. In this 
method, an equation was regressed from the data collected for each response variable. 
Response variables are the desired parameters that are on the left hand side of the equations 
regressed, while predictors are the independent variables appear on the right hand side. 
Pressure drop and efficiency are the two response variables in this study, while superficial 
velocity, dust loading, and granular flow rate are the predictors. Details on steps to obtain 
empirical correlation can be described by looking at design of experiment (DOE), data 
collection, and statistical analysis respectively. 
4.1 Central composite design 
A statistical design of experiment (DOE) method called central composite design was 
used to design a set of experiments to determine relationships between predictors and 
optimum operating conditions for the performance of the moving bed granular filter. 
The key concept in design of experiment is to be able to turn each predictor's "knob" to a 
specified level or operating value for each run. Calibrated values of dust loading (DL) and 
granular flow rate (GF) are used to "set" each predictor at a specific level. However, for the 
case of superficial velocity, controlling superficial velocity is troublesome as it depends on 
the actual air velocity inside the bed, which depends on inlet bed pressure (see Appendix H). 
Thus, rotameter setting (RS) is chosen to indirectly "set" superficial velocity at different 
levels. 
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The major steps in designing a set of experiments via central composite design are 
(Vardeman, 1999): 
1. Generate a two level full or partial factorial design 
2. Add some replication of center points (preferably greater than 1) 
3. Add two star points for each independent variable 
This study examines three predictors and uses two center points; thus, central composite 
design results in a total of 16 different sets of process conditions. In order to generate a two 
level full factorial design, low and high levels for each predictors were selected as follow: 
granular flow rate (8.6-16.24 kg/hr), rotameter setting (0.0071-0.0094 STP m3/s, [15-20 
SCFM]), and dust loading (0.28-0.84 kg/hr). These lows and highs were selected based on 
the capability of the filter system. 
Coded variable equation is crucial in adding center and star points: 
(set values-mean of predictor) 
Coded variable= -------------
s 
where the mean of predictor is the average of all set values for each predictor, and s is 
defined as: 
s = _!_ x (high-low) 
2 
[ 4.1] 
[4.2] 
Central composite design always generates a total of five different levels for each predictor. 
The central point coded variable values are always zero, and the coded variable values for 
star points are calculated using Equation [ 4.3]: 
[4.3] 
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where k is three as for the number independent of variables. 
Each predictor's set value can be obtained by manipulating Equation [ 4.1] to solve for GF, 
RS, and DL as indicated in Table 4.1. Table 4.2 shows the designed experiments obtained 
using Equation [ 4.1] - [ 4.3] and the corresponding response variables' data collected. 
Table 4.1: Predictors and their coded variables 
.......... ..................................................................... 
Factor u-..;nble symbol Coded Variable 
Granular Flow Rate GF 
GF-12.42 where x1 is in kg/hr x -I
3.82 
I 
1Rotameter Setting RS 
I 
RS-17.5 
where x 2 is in SCFM ! Xz = I 2.5 
i 
......... 
Dust Feed Rate DL 
DL-0.56 where x 3 is in kg/hr X3 = 0.28 
With the different set of operating conditions, the experiments were carried out to 
collect results for both average pressure drop and average efficiency. Then, the regression 
method was utilized, which resulted in one regressed model for each response variable useful 
in optimizing and developing contour plots of filter performance. 
4.2 Data collection 
The total runtime for each run is the time required to fill up one discharge vessel, 
which is about 35 kg. Pressure drop across the filter bed and efficiency are the important 
data collected in this study. Since the pressure drop was sampled throughout experiment 
runtime using data acquisition system at a sampling of 1 Hz, an average pressure drop (APD) 
1 Please refer to Appendix Hon how to get actual superficial velocity (VL) from RS specified in each run. 
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over each run was used in statistical analysis. Although efficiency was sampled at an interval 
of 30 minutes, an average efficiency (AE) was also used. Besides collecting APD and AE 
for each run, the "set" values for each predictor in each run were altered with the "measured" 
values in order to give correlations that have true representation of what the system can 
perform. 
As indicated, central composite design gives a total of sixteen runs to be performed. 
The order of experiment performed was chosen randomly with the help of a random number 
generator in MS Excel for a discrete uniform distribution (Ragsdale, 1998): 
futeger (n*RAND()) + a [4.4] 
where n is the highest discrete number in the set, which is 16; and a is the lowest discrete 
number in the set, which is 1 in this study. RAND() is the random number generator in MS 
Excel that ranges between 0.0 and 1.0. The chronological order by using Equation 4.4 in this 
research is: 5, 2, 4, 7, 1, 6, 8, 3, 12, 14, 13, 10, 16, 15, 9, and 11. 
Each run has a set of predictors' values to be set. fu Run #1 for example, the granular 
flow rate (GF), rotameter setting (RS), and dust feed rate (DL) were set at 8.6 kg/hr, 15 
SCFM, and 0.28 kg/hr respectively. Operating values for granular flow rate (GF) and dust 
feed rate (DL) used in each run were from the calibration. However, GF's and DL's 
measured values during each run were different from the calibration, particularly dust feed 
rate because of the educting effect: air passing through the ash feeder opening created the 
educting effect that pulled more ash or dust with respect to higher velocity. 
By the same token, in the central composite design Table 4.2, air velocity going into 
the filter was set at different values using a rotameter. However, the ultimate superficial 
22 
velocity (VL) passing through the filtering zone differed with respect to the different granular 
flow rate and dust feed rate. 
Thus, the measured value of each predictor was obtained after each run. Actual 
granular flow rate and dust feed rate were obtained by dividing the difference of before and 
after values with total run time as in Equation [3.1]. Detailed calculations for the measured 
superficial velocity that depends on average inlet bed pressure, temperature, and pressure at 
inlet rotameter are included in Appendix H. 
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4.3 Statistical analysis 
For each response variable, the results obtained in Table 4.2 were regressed to form a 
full quadratic equation. Every effect (single, square, or crossed) in the regressed full 
quadratic equation is then checked against a p-value of0.05. A p-value greater than 0.05 
indicates lack of evidence to claim insignificant effect in that equation, while a p-value less 
than 0.05 shows that the particular effect is significant in predicting the response variable. 
Besides looking at effect tests, R2 and adjusted R2 are also important in determining whether 
a good fit of data occurs. Another important method of regression diagnostic is to make 
residual plots for each response variable and each independent variable that appear in the 
predicting equation. Before using the regressed equation, it was checked to determine if the 
random error normal distribution assumption was valid, which is the requirement in 
regression analysis. A regressed equation is only valid if it passes the normal distribution 
test. If the regressed full quadratic equation is determined not suitable in predicting response 
variable, a forward-stepped regression is used. Then, the F-test was used to determine iffull 
or reduced (forward-stepped) model is best among the two. 
Forward-stepped regression allows evaluation of every effect one at a time to 
determine if it should be included in the equation based on the entered probability to enter 
and probability to leave values. Therefore, the equation produced by this method ought to be 
simpler compared to the full quadratic equation. The forward-stepped equation generated 
from this method was also checked against effect tests, R2, adjusted R2, residual, and normal 
distribution tests. 
Run 7, 11, and 14 in Table 4.2 have significantly higher average pressure drop and 
average efficiency values. These are the runs that had transient behavior, which means the 
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operations did not reach steady state. The common ways to determine if these points are 
supposed to be included in statistical analysis are to try to either eliminate them in analysis or 
transform each response variable. 
These three points were initially taken out from the entire set for full quadratic and 
forward-stepped regression to eliminate possible outliers. However, the result ofthis 
elimination step generated inappropriate full quadratic models (both APD and AE) because 
of their high p-values. On the other hand, the elimination of these points resulted forward-
stepped models that have high R2 of0.9 for APD, but a very low R2 of0.3 for AE. Since, the 
study is ultimately interested in finding optimum region that simultaneously satisfy both 
APD and AE models - high APD and low AE, the elimination of run 7, 11, and 14 in 
statistical analysis is not a good idea. So, transformation of each response variable was 
utilized in the attempt to treat these significantly high data points. 
Transformation was utilized by taking the natural logarithm of the values for each 
response variable. Therefore, the models regression regressed were in the forms ofln(APD) 
and ln(AE). The full quadratic models (both APD and AE) from the transformation were 
inadequate because of their high p-values. In addition to this, the forward-stepped models 
(both APD and AE) resulted from transformation also showed high R2 of0.9 for APD, but a 
low R2 of0.3 for AE. As a result, both elimination of runs and transformation were not 
utilized in statistical analysis. 
In this study, two equations or correlations were regressed, as there were two 
response variables. Each regressed equation can be used to generate optimum operating 
region for each response variable. However, in real life applications, many are interested in 
obtaining a single optimum operating region that simultaneously satisfying all response 
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variables. This can be achieved by overlaying each contour plot (from each regressed 
equation) on top of each other. This approach will help locate the region that simultaneously 
satisfies both low average pressure drop and high average efficiency. 
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CHAPTER 5. RESULTS AND DISCUSSION 
5.1 APD as a function of GF, VL, and DL. 
The results from central composite design are shown in Table 5.1. The value of 
response variable (APD) was obtained by averaging all the pressure drop data throughout 
each entire run time. 
T bl 51 A d ht . d f h a e . verae:e pressure rop o ame rom eac run . . 
Sut;!erficial Average 
Granular Flow Velocit~ CVL}1 Dust Feed Rate Pressure Drot;! 
Run Number Rate CGF) ka/hr mis COL). ka/hr CAPO) osid 
1 6.85 0.175 0.2412 0.410188 
2 13.10 0.176 0.1712 0.400224 
3 6.80 0.213 0.2556 0.592271 
4 13.00 0.216 0.2289 0.594244 
5 6.70 0.177 0.2680 0.431666 
6 12.10 0.177 0.3160 0.402229 
7 7.27 0.190 0.5698 2.417593 
8 15.40 0.211 0.4257 0.583525 
9 9.36 0.196 0.4417 0.491264 
10 10.16 0.197 0.5219 0.529075 
11 3.32 0.179 0.3973 2.081311 
12 14.00 0.199 0.3932 0.503971 
13 9.12 0.161 0.3764 0.251282 
14 8.24 0.207 0.5734 1.517345 
15 8.64 0.195 0.0786 0.483909 
16 9.68 0.200 0.7437 0.539434 
Statistical software called JMP was used to conduct standard least square regression 
analysis. A full-quadratic model was first regressed. Details of the statistical analysis for the 
full-quadratic model are given in Appendix F. Analysis of variance (ANOVA) indicates the 
p-value of 0.0932 for full-quadratic model is greater than the significant level of0.05, which 
means that the regressed full-quadratic model is inadequate in explaining average pressure 
drop. 
28 
In order to obtain a more suitable model, forward stepping regression with probability 
to enter of 0.25 and probability to leave of 0.1 (default values in JMP for stepwise regression) 
were used to discard the effects that are insignificant in predicting APD. Adjusted R2 
increases from 0.5531 in full-quadratic model to 0.6721 in forward-stepped model. 
Root mean square value decreases from 0.4303 to 0.3686 while using stepped model instead 
of full-quadratic model. By comparing adjusted R2, root mean square and p-values of the 
variables in full and stepped models, forward-stepped model was chosen to be the final 
average pressure drop (APD) model. 
Summary of Fit 
Rsquare 
RSquareAdj 
Root Mean Square Error 
Mean of Response 
Observations (or Sum Wgts) 
Analysis of Variance 
0.781407 
0.672111 
0.368611 
0.764346 
16 
Source OF 
Model 5 
Error 10 
Sum of Squares 
4.8571298 
1.3587443 
6.2158741 
Mean Square 
0.971426 
0.135874 
C. Total 15 
Parameter Estimates 
Term Estimate Std Error tRatio Prob>ltl 
Intercept -1.958835 1.810777 -1.08 0.3048 
GF -0.158845 0.192697 -0.82 0.4290 
VL 8.7451756 6.485209 1.35 0.2073 
OL 10.754496 2.896721 3.71 0.0040 
GF*GF 0.0207601 0.008129 2.55 0.0287 
OL*GF -1.001186 0.304895 -3.28 0.0082 
Effect Tests 
Source Nparm OF Sum of Squares FRatio 
GF 1 1 0.0923281 0.6795 
VL 1 1 0.2470739 1.8184 
OL 1 1 1.8728562 13.7837 
GF*GF 1 1 0.8861564 6.5219 
OL*GF 1 1 1.4650978 10.7827 
Figure 5.1: A forward-stepped APD model 
F Ratio 
7.1494 
Prob> F 
0.0043 
Prob> F 
0.4290 
0.2073 
0.0040 
0.0287 
0.0082 
The forward-stepped regression gives the following model: 
APD = -1.958835-0.158845· GF + 8.7451756· VL + 10.754496· DL-1.001186· DL · GF 
+ 0.0207601· GF2 
[5.1] 
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The statistical analysis (Figure 5.1) in this section indicates that there is lack of evidence to 
reject the hypotheses that granular flow rate (GF) and superficial velocity (VL) are 
insignificant in predicting the average pressure drop (APD) as GF's and VL's p-values are 
greater than 0.05. 
It was also found that there is an important interaction between dust loading and 
granular flow rate from DL•GF's low p-value (0.0082). The square of the granular flow rate 
(GF2) and dust loading (DL) were also determined to significantly affect pressure drop (p-
values are significantly lower than 0.05 respectively). The significance of GF2 in Equation 
5.1 designates the parabolic nature of granular flow rate in explaining average pressure drop. 
Using Equation 5 .1, a series of contour plots were generated for each superficial 
velocity to determine the optimum APD regions. The details of generating the contour plots 
are covered in Appendix H. Figures 5.2 show regions where low average pressure drop 
occurs. 
These figures illustrate saddle patterns, which means there are two different slopes 
(positive and negative) occurring in each plot. In Figure 5.2a, for example, to the left of 
lower-left red (APD = 0.1) contour line is region with APD less than 0.1 psid. Similarly, to 
the right of upper-right red contour line lies another region with APD less than 0.1. Moving 
from APD = 0.2 to APD = 0.5 is a "hill-climbing" behavior, which means heading to higher 
APD. 
With GF and DL lay within 3.32- 15.4 kg/hr and 0.08 - 0.74 kg/hr respectively, all 
these plots (Figures 5.2) indicate that there is no single maximum nor single minimum point 
within the operating ranges studied. However, maximum or minimum points can be located 
ifthe independent variables' (predictors) values are intentionally bounded to different scales. 
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Figures 5.2 show how each independent variable are closely related to each other. In 
another word, in a specific region of the plot, the relationship between one of the independent 
variables and average pressure drop can be positive. However, in another region, that 
independent variable can have a negative relationship with average pressure drop because of 
the existence of two different slopes (positive and negative) in these saddle pattern contour 
plots. For example, in Figure 5.2a with GF lies from 10.5 - 15.4 kg/hr and DL lies from 0.08 
- 0.38 kg/hr, an increase in GF will cause an increase in average pressure drop. However, 
with GF lies from 3.32 to 10.5 kg/hr and DL lies from approximately 0.15 to 0.74 kg/hr, an 
increase in GF will cause a decrease in average pressure drop. 
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Figure 5.2a: Contour plot of APD with respect to GF, DL, and VL at 0.16 mis 
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Figure S.2b: Contour plot of APD with respect to GF, DL, and VL at 0.18 mis 
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Figure 5.2c: Contour plot of APD with respect to GF, DL, and VL at 0.20 mis 
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Figure 5.2d: Contour plot of APD with respect to GF, DL, and VL at 0.22 mis 
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5.2 Average Efficiency (AE) as a function of GF and DL 
The average efficiency collected for each run, given in Table 5.2, was used for model 
regression. The steps involved are the same as for the regression of the pressure drop. In 
fact, the main difference is that the values in 5th column in Table 5.1 are replaced with 
average efficiencies (see Chapter 4.2). 
T bl 5 2 A Effi . ht . df h a e . verat?e 1c1ency o ame romeac run . . 
Sugerficial "Average 
Granular Flow Velocitll lVL}1 Dust Feed Rate Efficiencl£ {AE}1 
Run Number Rate lGFl. ka/hr m/s lDU. ka/hr % 
1 6.85 0.175 0.2412 98.7 
2 13.10 0.176 0.1712 99.1 
3 6.80 0.213 0.2556 99.2 
4 13.00 0.216 0.2289 99.2 
5 6.70 0.177 0.2680 96.9 
6 12.10 0.177 0.3160 99.2 
7 7.27 0.190 0.5698 97.6 
8 15.40 0.211 0.4257 100 
9 9.36 0.196 0.4417 99.9 
10 10.16 0.197 0.5219 99.2 
11 3.32 0.179 0.3973 92.7 
12 14.00 0.199 0.3932 100 
13 9.12 0.161 0.3764 99.4 
14 8.24 0.207 0.5734 94.4 
15 8.64 0.195 0.0786 99.7 
16 9.68 0.200 0.7437 99.5 
L. Please refer Appendix C for detmls on uncertmnty analysis of efficiency. 
In Appendix G, the AE full model hasp-value (0.0519) greater than 0.05 significant 
level, which indicates inappropriateness of a full quadratic model. As in section 5.2 in this 
chapter, forward stepping regression with probability to enter of 0.25 and probability to leave 
of 0.1 (default values in JMP for stepwise regression) were used to trim out the insignificant 
effects. The forward-stepped model and its analysis are given in Figure 5.3. 
Adjusted R2 increases from 0.6451 in full-quadratic model to 0.6750 in forward-
stepped model. Root mean square value decreases from 1.2476 to 1.1940 using stepped 
model instead of full-quadratic model. By comparing adjusted R2, root mean square and p-
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values of the variables in both full and stepped models, forward-stepped model was chosen to 
be the final average efficiency (AE) model. 
The forward-stepped average efficiency model is given as follow: 
AE = 96.321416+1.1247304 · GF -23.97655 · DL-0.077787 · GF2 + 2.2987478 · DL · GF 
Summary of Fit 
Rsquare 
RSquareAdj 
Root Mean Square Error 
Mean of Response 
Observations (or Sum Wgts) 
Analysis of Variance 
0.761632 
0.674953 
1.193957 
98.41875 
16 
Source DF 
Model 4 
Error 11 
Sum of Squares 
50.103499 
15.680876 
65.784375 
Mean Square 
12.5259 
1.4255 
C. Total 15 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>ltl 
Intercept 96.321416 4.076114 23.63 <.0001 
GF 1.1247304 0.621371 1.81 0.0977 
DL -23.97655 9.329298 -2.57 0.0260 
GF*GF -0.077787 0.026258 -2.96 0.0129 
DL*GF 2.2987478 0.975405 2.36 0.0380 
Effect Tests 
Source Nparm DF Sum of Squares F Ratio 
GF 1 1 4.670595 3.2764 
DL 1 1 9.415714 6.6050 
GF*GF 1 1 12.510789 8.7762 
DL*GF 1 1 7.917548 5.5541 
Figure 5.3: A forward-stepped AE model 
F Ratio 
8.7868 
Prob> F 
0.0019 
Prob> F 
0.0977 
0.0260 
0.0129 
0.0380 
Likewise, Equation 5.2 was used to generate contour plot as shown in Figure 5.4. 
This plot also indicates the saddle pattern. It has both positive and negative slopes in the 
[5.2] 
same plot. Again, with the independent variables' scales of this research (GF and DL lay 
within 3.32 - 15.4 kg/hr and 0.08 - 0.74 kg/hr respectively), this plot cannot capture a single 
maximum average efficiency point. 
The finding from this part of the study on AE: superficial velocity does not have a 
significant effect on efficiency, which differs from the observations examined by Moresco et 
37 
al. (1981) at Combustion Power Company (CPC) and Tsubaki and Tien. (1988). They 
determined high efficiency with respect to high superficial velocity. On the other hand, 
Kalinowski and Leith (1982), Peukert and Loffler (1990), and Yang et al. (1992) agreed on 
higher superficial gas velocity caused lower dust collection efficiency. This research only 
looked at a narrow range of superficial velocity (0.16 - 0.22 mis); thus it might be the reason 
no significant superficial velocity effect was observed. One would expect higher superficial 
gas velocity to lower efficiency because of re-entrainment of dust particles that was settled 
on the granules' surface. 
The saddle pattern in Figure 5.4 shows two different (both positive and negative) 
relationships between each independent variable and average efficiency. In addition, this 
figure also indicates how independent variables are closely related for explaining average 
efficiency. For example, with dust feed rate (DL) lies from 0.08 to 0.38 kg/hr and granular 
flow rate (GF) lies from 3.32 to 10 kg/hr, an increase in granular flow rate (GF) will cause an 
increase in average efficiency. On the other hand, with DL lies between 0.08 to 0.38 kg/hr 
and GF lies from 10 to 15.4 kg/hr, an increase in GF will cause a decrease in average 
efficiency. 
Statistical analysis (Figure 5.3) in this section for average efficiency (AE) also 
indicates significant effects of dust loading or dust feed rate (DL), square of granular flow 
(GF2), and interaction between dust loading and granular flow rate (DL•GF) in explaining 
average efficiency. The significance of GF2 in Equation 5.2 also designates the parabolic 
nature of granular flow rate in explaining average efficiency. 
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5.3 Residual analysis for APD Model 
In this section, Equation 5.1 is checked using residual analysis to test its usability. 
Since Figure 5.5a does not show trend of increasing or decreasing with respect to increasing 
APD, it indicates Equation 5.1 is an adequate model to predict average pressure drop. 
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40 
Similarly, the scattered data points (no trend) in Figures 5 .5 b-d also indicate the 
appropriateness of Equation 5.1 in average pressure drop prediction. 
3 
a. e 
Cl 2-
~ 
0. 
Q) 
~ 
1-
:2 
!/) 0-Q) . a:: . 
"O 
~ -1- ,, 
:;::::; 
c: 
Q) -g -2-
ii5 
-3 I I I 
0 5 10 15 
GF 
Figure 5.5b: Residual APD versus GF 
r------------------·-····-····-··--··----
3~-------------~ 
a. e 
Cl 2-
~ 
0. 
Q) 1-
~ 
"O 
~ o-
~ -1-
:;::::; 
c: 
Q) -g -2-
ii) 
-3 I I I I I I I 
.15 .16 .17 .18 .19 .2 .21 .22 .23 
VL 
Figure 5.5c: Residual APD versus VL 
3 
c. e 
0 2-CJ) 
~ a... 
Q) 
> 1-
<( 
"O 
"(jj o-Q) 
a: 
"O 
-~ -1-
"E 
Q) -g -2-
Ci5 
41 
-3-+-~l~-~l~l~~l~~l~~l~-~l~l--l 
0 .1 2 ~ A ~ ~ J B ~ 
DL 
Figure 5.5d: Residual APD versus DL 
In Figure 5.5e, the validity of the assumption that random error is normally distributed 
indicates once again that Equation 5 .1 is an appropriate model. 
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Figure 5.5e: Normal Quantile Plot for APD model 
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5.4 Residual analysis for AE Model 
As in previous section (5.3), Figures 5.6 show Equation 5.2 is an effective 
summarization of the data in predicting average efficiency because of their random pattern in 
residual plots and normal distribution of random error. 
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5.5 F-test for APD and AE models 
Although it was determined in previous sections in this chapter that forward-stepped 
models for APD and AB are more suitable compared to full quadratic models, there is 
another formal way of verifying that claim. The model utility F test equation as given in 
Equation 5.3 (Devore, 1995) was used for that approach: 
f = (SSE, - SSE k )!(k -1) 
SSEk /[n -(k + 1)] 
[5.3] 
where f is the test statistic value, k is the number of effects in full model, l is the number 
of effects in reduced or stepped model, SSE, is the sum of squares of the reduced model 
residuals, and SSE k is the sum of squares of the full model residuals. When f ;;::: Fa,k-l,n-(k+l), 
where the F values can be read from any F distribution table in most statistic books, it 
conveys the fact that the full model is more suitable statistically. 
The test statistic values, f, for APD and AB models are less than the F values in this 
study. Thus, forward-stepped models are once shown the better models in comparison to full 
models for both APD and AB. 
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CHAPTER 6. CONCLUSION 
The goal of this research was to develop a moving bed granular filter that removes 
particles in particle-laden gas with high efficiency and low pressure drop. The other 
objective of this research was to study the effect of each independent variable such as 
superficial velocity, dust feed rate, and granular flow rate as well as relationships among 
them. Then, using the regressed correlations, a single optimum operating region can be 
found to give filter performance that is simultaneously high in efficiency and low in pressure 
drop. 
In this research, the changes on fluid dynamic design features such as using cyclonic, 
counter-current flow, and flow straightening fins that are different from traditional design 
have been found to give promising low pressure drop and high efficiency. The filter system 
in this system is able to achieve efficiency as high as 100 % with a standard deviation of 
0.113% and pressure drop as low as 0.689 kPa (0.1 psid). 
Within the operating range of each independent variable, the results from Central 
Composite Design show lack of evidence in claiming superficial velocity is insignificant in 
predicting pressure drop. Nevertheless, superficial velocity was found to be insignificant in 
predicting efficiency. Square of granular flow rate was determined significantly affecting 
pressure drop and efficiency, while dust feed rate is crucial in the predicting both models 
(pressure drop and efficiency) developed. The significance of GF2 designates the parabolic 
nature of granular flow rate in explaining pressure drop and efficiency in moving bed 
granular filters. 
46 
Contour plots generated from regressed equations show saddle behavior, which 
means there are two different slopes or relationships (both positive and negative) between 
each independent variable and each response variable. These contour plots indicate that each 
independent variable is closely related to each other in predicting pressure drop and 
efficiency. 
In a specific region of the plot, the relationship between one of the independent 
variables and one of the response variables can be positive. Nevertheless, in another region, 
that independent variable can have a negative relationship with that response variable 
because of the existence of two different slopes (positive and negative) in these saddle 
pattern contour plots 
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APPPENDIX A. ISOKINETIC SAMPLING VELOCITY CALCULATION 
Assuming we are dealing with the run with the following parameters: 
Rotameter setting, Qrot = 31.5 · SCFM 
Pressure at the inlet ofrotameter, Pabsrot = 56.7 · psia 
Temperature of the air, Temp = 72.5 · F 
S type pitot pressure difference, l!J'..011 = 2.325 ·volt 
Inlet duct pressure, Pabsin = 21.3 · psia 
Standard atmospheric pressure, Pstd = 14. 7 · psia 
Inlet duct inside diameter, D = 4 ·in 
Sampling probe inside diameter, d = 0.08625 ·in 
Air gas constant, R = 53.5713 ._ft_·_lbf_ 
lb·R 
Density of water, Pwater = 62.4 · lb3 ft 
Analysis: 
Real volumetric flow rate passing through rotameter at 1 atm: 
Q = Qrot *~Prat 
Pstd 
Q=31.5*~56.7 =l.031·ft3 
14.7 sec 
Real volumetric flow rate passing through inlet duct at inlet duct pressure: 
Q. = Q* Pstd 
in Pabsin 
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Qin = {l.031) ft3 * (14.7)psia = 0.712. ft3 
sec (21.3)psia sec 
Real air velocity through inlet duct at inlet duct pressure: 
Using S-type pitot tube with transducer (0 - 5 volt gives 0 - 0.1 in H20), the pressure 
difference read by S-type pi tot tube in inch of water: 
Ah= APvolt * 0.1 = (2325)volt * (O.l)inH20 = 0.0465 ·inH20 
5 (5)volt 
The pressure difference read by S-type pitot tube in psi : 
AP= Pwater * g * /:ih 
AP=(62.4) /b3 *(32.174) ft 2 *(0.0465)inH20=0.001679·psi ft sec 
AP =AP= (0.001679)psi = 0.001l l 9 . si 
corr 1.5 1.5 P 
Using pitot tube equation, velocity in inlet duct: 
v. =t·M'~ p1tot 
Pm 
h Pabsin (21.3)psi = O.lOS. /b3 were p. = = 
m R *Temp (53.5714) ft· /bf* (72.5 + 459.69)R ft 
lb·R 
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so, vpitot = 2*(0.001119)psi =9.819.L 
(O.l08) lb sec 
ft3 
Volumetric flow rate through sampling probe: 
Q -v *tr *d2 sp - pilot 4 
Finally, small rotameter setting for isokinetic sampling: 
Q -Q * Pabsin scm - sp Pstd 
QSCFH = (0.0003984) ft 3 * <21.3)psi = 2.078 · ft 3 
sec (14. 7) psi hr 
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APPENDIX B. PARTICLE SIZE ANALYSIS 
Table B.1: 2Particle mean diameter calculation 
Mass of 
l;!articles 
Al;!erture Size retained in 
range di sieve xi xi/di 
{micron} {micron} {gram} 
180-210 195 0.04171 0.015145 7.77E-05 
150-180 165 0.01101 0.003998 2.42E-05 
125-150 137.5 0.01746 0.00634 4.61E-05 
106-125 115.5 0.01656 0.006013 5.21E-05 
90-106 98 0.02258 0.008199 8.37E-05 
75-90 82.5 0.04244 0.01541 0.000187 
63-75 69 0.04671 0.01696 0.000246 
53-63 58 0.03248 0.011793 0.000203 
45-53 49 0.0635 0.023057 0.000471 
38-45 41.5 0.07356 0.026709 0.000644 
30-38 34 0.17278 0.062736 0.001845 
25-30 27.5 0.14416 0.052344 0.001903 
20-25 22.5 0.22625 0.082151 0.003651 
15-20 17.5 0.22903 0.08316 0.004752 
10-15 12.5 1.4316 0.519811 0.041585 
5-10 7.5 0.18225 0.066175 0.008823 
2.75408 1 sum(xi/di) 0.064594 
dm 15.48 micron 
2 Fluidized bed technology, J. Howard 
Table B.2 3Various particle mean ,diameters calculations 
DJ densitv offlvas.b 2600 kaJmA3 I 
<rnicronl fi. Caraml tillD .di-ii _djA2 fi" diA2 .cfiA3 fi*diA3 QiA4 
195 0.04171 4131.503048 805643.0943 38025 1.57E+08 7414875 3.0635E+10 1445900625 
165 0.01101 1800.143837 297023.733.2 27225 49008916 4492125 8086471135 741200625 
137.5 0.01746 4932.963097 678282.4259 I 18906.25 93263834 2599609.375 1.2824E+10 357 446289'.1 
115.5 0.01656 7893.799686 911733.8637 13340.25 1.05E+08 1540798.875 1.2163E+10 177962270.1 
S8 0.02258 17620.46772 1726805.837 9604 1.69E+08 941192 1.6584E+10 92236816 I t-------
0.04244 - I 55511 .79252 4579722~883 t 6806.25 561515.625 T 3.1171E.+10 46325039.06 I 82.5 3.78E+08 
·69 0.04671 104432.1735 7205819.97 4761 4.97E+08 328509 3.4307E+10 22667121 I 
58 0.03248 122265.4531 7091396.279 3364 4.11E+08 I 195112 I 2.3855E+10 11316496 
49 0.0635 396421 .5059 19424653.79 I 2401 I 9.5.2E+08 117649 4.6639E+10 5764801 
41 .5 0.07356 755908.3664 3137019721 I 1722.25 1.3E+09 I 71473.375 5.4027E+10 2966145.063 
34 0.17278 3228705.55 109775988.7 1156 3.73E+09 I 39304 1.269E+11 1336336 
27.5 0.14416 5091179.554 140007437.7 75625 3.85E+09 .20796.875 I 1.0588E+11 571914.0625 I 
22.5 0.22625 14588571.06 328242848.9 506.25 7.39E+09 11390.625 1.6617E+11 256289.0625 I 
17.5 0.22903 I 31387010.22 549272678.8 I 30625 I 9.61E+09 5359.375 11.6821E+11 93789.0625 
12.5 1.4316 1 538348332.8 6729354160 156.25 8.41E+10 I 1953.125 I 1.0515E+12 24414.0625 I 
7.5 0.18225 317289330.7 2379669980 I 56.25 1.78E+10 421 .875 I 1.3386E+11 31 64.0625 
2.75408 911404048 10310414373 I 1.31E+11 2.0228E+12 
Arithmetic mean Diameter, d1 11.31 micron 
Surface Mean Diameter, d20 11.97 micron 
Volume Mean Diameter, d30 13.04 micron 
c:~uter's Mean Dicrneter, d32 15.48 micron 
n~Rrn1Jdcer's Mean Diameter dil 25.22 micron 
1 Principles of Gas-Solid Flows, ~-Shih, Fan and ~Zhu 
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APPENDIX C. CONTOUR PLOTS GENERATION 
In order to generate contour plots, the quadratic Equation 7 .1 for APD and Equation 7 .2 for 
AB are rearranged in the following forms: 
0.0427808 · GF2 + (-0.570481-1.16844·DL)· GF +(12.67477·DL+1.3914325-APD) = 0 
[C.1] 
-0.077787 · GF 2 + (1.1247304+2.2987478 ·DL) · GF + (-23.97655 ·DL +96.321416-AE) = 0 
[C.2] 
Equation C. l and C.2 can be further rearranged into Equation C.3 and C.4 respectively. The 
decimal place presented in following equations is limited to two for simplicity. In actual 
plotting, every decimal place of coefficient (under Parameter Estimates section) as presented 
in Figure 7 .1 and Figure 7.3 is used. These equations listed below can then used to generate 
contour plots. 
G (0.16+1.00 ·DL) ± ~(-0.16-1.00 ·DL)2 -4(0.02)(-1.96 + 8.75·VL+10.75-APD) F=~~~~~~__;_~~~~~~~~~~~~~~~~~~~~ 
2(0.02) 
[C.3] 
G (-1.12-2.30 · DL) ± ~(1.12 + 2.30)2 -4(-0.08)(-23.98 · DL + 96.32-AE) F=~~~~~~~_;._._~~~~~~~~~~~~~~~~ 
2(-0.08) 
[C.4] 
For example, Equation C.3 can be used to generate contour lines (various APD) with respect 
to a set VL and a range ofDL as presented in Figure 7.2a-d. On the same token, Equation 
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C.4 is used to produce contour lines (various AE) with respect to a range ofDL. VL is not in 
the equation for AE model. 
The figures below illustrate the command entered in MathCad worksheet for APD 
and AE model. In these figures, x1 is GF, X2 is VL, and X3 is DL. 
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Yid:= 0.4 
Yib := 0.2 Yie := 0.5 
~ := 0.07,0.071.. 0.75 
Yic := 0.3 
x ( ) ._ (o.158845+ 1.001186~) + J(-0.158845- 1.001186~)2 -4·(0.0207601)·(-1.958835+ 8.7451756Xz + 10.754496~ -Yia) 
ipa ~ .- 2·(0.0207601) 
x ( ) ._ (0.158845+ 1.001186~)-J(-0.158845- 1.001186~)2 -4·(0.0207601)·(-1.958835+ 8.7451756x2 + 10.754496~ -Yia) 
Ina ~ .- 2·(0.0207601) 
x ( ) ·- (o.158845 + 1.001186~) + J(-0.158845- 1.001186~)2 - 4·(0.0207601)·(-t.958835 + 8.7451756x2 + 10.754496~ - Yib) 
lpb ~ .- 2·(0.0207601) 
x ( ) ·- (0.158845+ 1.001186~)-J(-0.158845-1.001186~)2 -4·(0.0207601)·(-1.958835+ 8.7451756x2 + 10.754496~ -Yib) 
lnb ~ .- 2·(0.0207601) 
x ( ) ·- (0.158845+ 1.001186~) + J(-0.158845- 1.001186~)2 - 4·(0.0207601)·(-1.958835+ 8.7451756x2 + 10.754496~ -Yic) 
!pc ~ .- 2·(0.0207601) 
x ( ) ·- (o.158845 + 1.001186~) -J(-0.158845- 1.001186~)2 - 4·(0.0207601)·(-1.958835 + 8.7451756x2 + 10.754496~ - Yic) 
Inc ~ .- 2·(0.0207601) 
x ( ) ·- (o.158845+ 1.001186~) + J(-0.158845- 1.001186~)2 - 4·(0.0207601)·(-t.958835+ 8.7451756x2 + 10.754496~ -Yid) 
!pd ~ .- 2·(0.0207601) 
x ( ) ·- (0.158845+ 1.001186~)-J(-0.158845- 1.001186~}2 -4·(0.0207601)·(-1.958835+ 8.7451756x2 + 10.754496x3 -Yid) 
ind ~ .- 2·(0.0207601) 
x (x):= (o.158845+ 1.001186~)+J(-0.158845-1.001186~)2 -4·(0.0207601)·(-t.958835+ 8.7451756x2 + 10.754496~-Yie) 
lpe 3 2·(0.0207601) 
x (x)·- (0.158845+ 1.001186~)-J(-0.158845-1.001186~}2-4·(0.0207601)·(-1.958835+ 8.7451756x2 + 10.754496x3 -Yie) 
lne 3 .- 2·(0.0207601) 
Figure C.1 Mathcad commands for APD contours at VL=0.16 mis. 
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Y2a := 96 Y2d := 99 
Y2b := 97 Y2e := 100 
X3 := 0.07, 0.071 .. 0.75 
Y2c := 98 
x (x) ·= (-1.1247304 - 2.2987478·x3) + J(l.1247304 + 2.2987478·x3)2- 4·(-0.077787)·(-23.97655x3 + 96.321416 - Y2a) 
!pa 3 · 2·(-0.077787) 
x (x) ·= (-1.1247304 - 2.2987478·x3) -J(l.1247304 + 2.2987478·x3)2- 4·(-0.077787)·(-23.97655x3 + 96.321416 - Y2a) 
Ina 3 · 2· ( -0.077787) 
x (x) ·= (-1.1247304 - 2.2987478·x3) + J( 1.1247304 + 2.2987478·x3) 2 - 4·(-0.077787)·(-23.97655x3 + 96.321416 - y 2b) 
lpb 3 . 2· (-0.077787) 
x (x) ·= (-1.1247304 - 2.2987478·x3)-J(1.1247304 + 2.2987478·x3)2 - 4·(-0.077787)·(-23.97655x3 + 96.321416 - y 2b) 
lnb 3 · 2· ( -0.077787) 
x (x) ·= (-1.1247304 - 2.2987478·x3) + J(l.1247304 + 2.2987478·x3)2 - 4·(-0.077787)·(-23.97655x3 + 96.321416 - y 2c) 
!pc 3 · 2· (-0.077787) 
x (x) ·= (-1.1247304 - 2.2987478·x3) - J( 1.1247304 + 2.2987478·x3)2 - 4·(-0.077787)·(-23.97655x3 + 96.321416 - y 2c) 
Inc 3 · 2· (-0.077787) 
x (x) ·- (-1.1247304 - 2.2987478·x3) + J(l.1247304 + 2.2987478·x3) 2 - 4·(-0.077787)·(-23.97655x3 + 96.321416 -y 2d) 
!pd 3 .- 2·(-0.077787) 
x (x) ·- (-1.1247304 - 2.2987478·x3) -J(I.1247304 + 2.2987478·x3)2- 4·(-0.077787)·(-23.97655x3 + 96.321416 - y2d) 
Ind 3 .- 2· ( -0.077787) 
x (x) ·= (-1.1247304 - 2.2987478·x3) + J(l.1247304 + 2.2987478·x3)2- 4·(-0.077787)·(-23.97655x3 + 96.321416 - y 2e) 
lpe 3 · 2· (-0.077787) 
x (x) ·= (-1.1247304 - 2.2987478·x3) -J(l.1247304 + 2.2987478·x3)2 - 4·(-0.077787)·(-23.97655x3 + 96.321416 - y 2e) 
lne 3 · 2· (-0.077787) 
Figure C.2 Mathcad commands for AE model. 
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APPENDIX D. UNCERTAINTY ANALYSIS ON EFFICIENCY 
The efficiency of the filter system is calculated as: 
where mout and min are the ash sampled via isokinetic sampling probe at outlet and inlet duct 
respectively. Using the standard deviation of scale to be 0.000184 g and results from an 
illustrative experiment where mout is 0.03668 g and min is 0.16679 g, the following 
calculation can be done to estimate how good the final efficiency can be reported. 
From Vardeman & Jobe (1999) on propagation of error: 
os 1 
--=--
( __ 1 J2 x Var + [mou21 J2 x Var. mout mm 
min min 
11& = (- 1 ) 1 x 0.0001842 + ( 0·03668 ) 1 x 0.0001842 = 0.00113 
0.16679 0.16679 2 
& = 1- 0·03668 = 0.78008 
0.16679 
11& = 0.00113 = 0.145% 
& 0.78008 
Since 11& =0.113%, the reported efficiency has a standard deviation of 0.113%. 
[D.1] 
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APPENDIX E. PARTICLE CONCENTRATION CALCULATION 
Assuming we are dealing with the run with the following parameters: 
Ash sampled through sampling probe= 0.0005 kg/hr 
4Volumetric air flow rate through sampling probe = 1.183 x 10-5 m3 /sec 
Temperature of the air= 73.3 F 
Density of fly ash = 2600 kg/m3 
5Diameter of ash particle = 17 micron 
Pressure drop across pitot tube= 0.049669 inch ofH20 
Inlet duct pressure= 20.735 psia 
Particle concentration in number of particle per cubic meter, #/m3 is calculated to be 
1,760,000,000 as follow: 
( 0.0005. kg. ash) [ 1 J [ #·particle J [ 1 ] ( 1 ·hr ) 
l·hr x 2600· k~·ash x Jr x(17x10-6)3 ·m3 ·ash x 1.183x10-s. m3 ·air x 3600·sec 
m ·ash 6 sec 
Particle concentration in gram of particle per cubic meter of air, g/m3 is calculated to be 
11.74 as follow: 
( 0.0005·kg·ash)x(lOOO·g·ashJx[ 1 3 . Jx( l·hr ) 
l·hr l·kg·ash 1.lS3x 10_5 . m ·azr 3600·sec 
sec 
4 See Appendix A 
5 See Appendix B 
62 
APPENDIX F: APD FULL-QUADRATIC MODEL 
Figure F .1 shows a full-quadratic model obtained with its analysis. Under the section 
of 'Effect Tests' in Figure F .1, the coefficient of determination (R 2) for this model is 
0.821275, implying that about 82% of the variability in APD is explained by the quadratic 
relationship between these nine variables. However, all but DL *GF hasp-value greater than 
0.05 (a), which indicates that all variables but DL*GF are not important in predicting 
average pressure drop in this model. 
Summary of Fit 
Rsquare 
RSquareAdj 
Root Mean Square Error 
Mean of Response 
Observations (or Sum Wgts) 
Analysis of Variance 
0.821275 
0.553188 
0.430296 
0.764346 
16 
Source DF 
Model 9 
Error 6 
Sum of Squares 
5.1049440 
1.1109301 
6.2158741 
Mean Square 
0.567216 
0.185155 
C. Total 15 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>ltl 
Intercept -24.60722 21.06264 -1.17 0.2870 
GF -0.204254 0.484665 -0.42 0.6881 
VL 232.93233 204.5304 1.14 0.2982 
DL 20.874584 16.13339 1.29 0.2433 
GF*GF 0.0172321 0.013812 1.25 0.2587 
VL*VL -566.0765 517.3284 -1.09 0.3158 
DL*DL -1.237306 3.878236 -0.32 0.7605 
VL*GF 0.6760498 3.29004 0.21 0.8440 
DL*GF -1.014581 0.383171 -2.65 0.0381 
DL*VL -46.75477 87.24979 -0.54 0.6113 
Effect Tests 
Source Nparm OF Sum of Squares F Ratio 
GF 1 1 0.0328847 0.1776 
VL 1 1 0.2401483 1.2970 
DL 1 1 0.3099700 1.6741 
GF*GF 1 1 0.2881926 1.5565 
VL*VL 1 1 0.2216936 1.1973 
DL*DL 1 1 0.0188461 0.1018 
VL*GF 1 1 0.0078179 0.0422 
DL*GF 1 1 1.2981486 7.0111 
DL*VL 1 1 0.0531690 0.2872 
FRatio 
3.0635 
Prob> F 
0.0932 
Prob> F 
0.6881 
0.2982 
0.2433 
0.2587 
0.3158 
0.7605 
0.8440 
0.0381 
0.6113 
Figure F.1: Regression analysis of a full-quadratic APD model. 
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APPENDIX G: AE FULL-QUADRATIC MODEL 
Figure G. l shows a full-quadratic model obtained with its analysis. Under the section 
of 'Effect Tests' in Figure G.1, the coefficient of determination (R2) for this model is 
0.858034, implying that about 86% of the variability in AE is explained by the quadratic 
relationship between these nine variables. However, all but GF*DL hasp-value greater than 
0.05 significant level (a), which indicates that all variables but GF*DL are not important in 
predicting average pressure drop in this model. 
Summary of Fit 
RSquare 
RSquareAdj 
Root Mean Square Error 
Mean of Response 
Observations (or Sum Wgts) 
Analysis of Variance 
0.858034 
0.645085 
1.247607 
98.41875 
16 
Source DF 
Model 9 
Error 6 
Sum of Squares 
56.445231 
9.339144 
65.784375 
Mean Square 
6.27169 
1.55652 
C. Total 15 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>itl 
Intercept 41.120063 61.0693 0.67 0.5258 
GF 1.6024511 1.405245 1.14 0.2976 
VL 421.93712 593.0181 0.71 0.5035 
DL 59.572416 46.77738 1.27 0.2499 
GF*GF -0.052446 0.040047 -1.31 0.2382 
VL*VL -591.7333 1499.949 -0.39 0.7069 
DL*DL 11.356476 11.24461 1.01 0.3515 
VL*GF -5.557494 9.539186 -0.58 0.5814 
DL*GF 2.8680179 1.110971 2.58 0.0417 
DL*VL -496.0463 252.9732 -1.96 0.0976 
Effect Tests 
Source Nparrn DF Sum of Squares F Ratio 
GF 1 1 2.024051 1.3004 
VL 1 1 0.787980 0.5062 
DL 1 1 2.524495 1.6219 
GF*GF 1 1 2.669491 1.7150 
VL*VL 1 1 0.242245 0.1556 
DL*DL 1 1 1.587648 1.0200 
VL*GF 1 1 0.528313 0.3394 
DL*GF 1 1 10.373239 6.6644 
DL*VL 1 1 5.984821 3.8450 
F Ratio 
4.0293 
Prob> F 
0.0519 
Prob> F 
0.2976 
0.5035 
0.2499 
0.2382 
0.7069 
0.3515 
0.5814 
0.0417 
0.0976 
Figure G.1: Regression analysis of a full-quadratic AE model. 
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APPENDIX H. SUPERFICIAL VELOCITY CALCULATION 
Given: 
ft3 
Qstdrot := 175-. (Rotameter setting) lbf Pstd := 14.7·- (Atmospheric pressure) 
. 2 mm 
lbf 
Pabsrot := 83.7·-
. 2 m 
(Abs. pressure at 
inlet rotameter) 
m 
lbf 
Pabsin := 18.7725980:;.::..::.:; 
. 2 m 
(Abs. inlet bed 
pressure) 
Temp:= (69.9+ 459.6~·R (Air temperature) R := 53.5714 ft·lbf 
lb·R 
(Universal Gas 
Constant) 
Pabsin 
P ·-.-
R·Temp 
kg 
p = 1.526-
3 m 
(Air density) 
lb 
p = 0.095-
ft3 
d := 0.08625in (Sampling proble 
inner diameter) 
D := 4·in (Inlet duct inner diameter) 
Real volumetric flow rate @ 1 atm of rotameter: 
1 
Pabsrot ( )
2 
Q := Qstdrot' --
Pstd 
ft3 
Q=0.696-
sec 
Real volumetric flow rate @ inlet duct pressure: 
ft3 
Om= 0.545-
Real air velocity in inlet duct: 
ft 
Vin=6.245-
sec 
sec 
m 
Vin= 1.903-
sec 
Figure H.1 Mathcad commands for superficial velocity calculation 
x 
( 
5.75" 
--7 f-
) ( 
12" 
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Ih2 
x 
) 
Figure H.2 Dimensions for superficial velocity calculation 
x:= 
(12 - 5.75) 
2 
e := 52 (Angle of repose) 
h1 := x·tan(~·3.1416l 
180 ') 
12 ( e ~ h2 :=-·tan -·3.1416 
2 180 
h2 = 7.68 
I 
[ 2 2] 2 s 1 := (x) + h1 s 1=5.076 
I 
( 2 2) 2 S2 := 6 + h2 S2 = 9.746 
S := 3.1416(6)·s2 - 3.1416(3.125)·s1 s = 133.869 
CALCULATION OF SUPERFICIAL VELOCITY: 
Area := S·in2 
Qin 
Sve1:=--
Area 
Figure H.1 (continued) 
m 
Svel = 0.179-
sec 
(Difference of conical 
surface area in inch"2) 
